We report on the measurement of double-differential distribution of soft electron emission from C 60 fullerene, induced by a fast-moving Coulomb field of 76 MeV energy bare fluorine ions. A broad "plasmon-electron" peak, riding on the Coulomb-ionization continuum, is observed due to the deexcitation of the giant dipole plasmon resonance state in C 60 . The angular distribution of the plasmon electrons goes through a dip around 90
We report on the measurement of double-differential distribution of soft electron emission from C 60 fullerene, induced by a fast-moving Coulomb field of 76 MeV energy bare fluorine ions. A broad "plasmon-electron" peak, riding on the Coulomb-ionization continuum, is observed due to the deexcitation of the giant dipole plasmon resonance state in C 60 . The angular distribution of the plasmon electrons goes through a dip around 90
• , which is contrary to that observed in ion-atom collisions measured in situ, indicating the alignment of the induced dipole moment along the projectile beam direction. A model based on the photoelectron angular distribution which is modified due to the ion-induced postcollisional interaction provides an excellent agreement with the observed asymmetric distribution. The distribution smoothly changes from a dip at 90
• to a peak with the variation of ejected electron energy indicating transition from a collective plasmon behavior of the whole system to a single ion-atom interaction. The single-differential cross section was also derived, which preserves the signature of the collective excitation. 
I. INTRODUCTION
Recently, complex allotropes of carbon, such as fullerenes and nanotubes, as well as large organic molecules of biological importance, such as RNA and DNA bases, and astrophysical relevance, such as linear and cyclic carbon chains, have been at the focus of atomic-collision research. The interest in these systems arises since one needs to understand the influence of the many-body nature on ionization and charge-transfer processes. In a recent study, it was shown that uracil, which is a ring-shaped organic molecule, has a dramatically large cross section for electron emission, particularly at forward angles, and this behavior cannot be explained in the realm of conventional ion-atom collision models [1] . Similarly, the collective excitation in polycyclic aromatic hydrocarbon (PAH) molecules [2] , found in the interstellar medium, also influences their interaction with charged particles and photons. Although there has been major progress in understanding the structural complexity of these organic molecules, there is still a lack of a sophisticated theoretical framework to explore their collision dynamics with heavy-charged particles. The collision dynamics of large and complex organic molecules is mainly governed by many-electron processes. This can be better studied by forging a synergy with large-ordered molecules, such as fullerenes, which are known to show strong many-body correlations.
Carbon fullerenes, with a diameter of about one nanometer, have a highly symmetric hollow core held firmly by a delocalized cloud of a large number of valence electrons. The structure and properties of fullerenes have been probed extensively with photons, electrons, and heavy ions. For example, the collective oscillations of these delocalized σ and π valence electrons in C 60 fullerene give rise to a Mie-type surface plasmon resonance [3] , which is also known as giant dipole plasmon resonance * lokesh@tifr.res.in (GDPR). This GDPR in fullerenes [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] is, to some extent, analogous to the well-known nuclear giant dipole resonance [15] , plasmon excitation in solids and metallic clusters [16] , as well as shape resonances in large atoms (e.g., Xe) [17] . This collective behavior of electrons in solids is known to give rise to dynamic screening and a wake of electron-density fluctuations [18, 19] . The influence of the solid-state effect on different collision processes, such as radiative electron capture [20] [21] [22] , resonant coherent excitation [23, 24] , and convoy electron production, is already known. The influence of the GDPR on electron capture by fast highly charged ions from a free fullerene molecule has been studied using an x-ray technique [25] . The effect of this resonance on the ionization and fragmentation of C 60 in collisions with photons and heavy ions was also reported earlier [6, [26] [27] [28] [29] [30] [31] .
The heavy-ion collisions experiments [30, 31] revealed a linear dependence of the total ionization cross section of fullerene on the projectile charge state (q), in contrast to the q 2 dependence observed in ion-atom collisions. The linear behavior in the case of the C 60 molecule was explained in terms of a GDPR excitation [26, 31] model. As explained in the earlier literature [14, 32, 33] , the delocalized valence electrons in fullerenes are highly polarizable. The collective excitation of this polarizable electron cloud in fullerene is termed as plasmon excitation, in analogy with the collective response of free electrons in solids in the presence of an external electric field. It is known that such plasmons can be excited by swift charged particles or photons through their electromagnetic interactions with the delocalized electrons in the fullerene or metal clusters. It was suggested that the GDPR has a profound influence on the energy loss of the projectile. However, most of these studies were focused on measuring the GDPR contribution on the recoil-ion yields, whereas the electronspectroscopy-based measurements using a free C 60 molecule as the target are rather limited [9, [34] [35] [36] [37] . This lack of experimental investigations on electron spectroscopy of C 60 can be, in part, attributed to the difficulties in detecting low-energy electrons. In addition, the ejected electron spectrum is largely dominated by the single-particle Coulomb-ionization mechanism, where the cross section falls over several orders of magnitude in the emitted electron energy range, i.e., typically over 1-300 eV. This makes the observation of the secondary features in the electron spectrum even more challenging, which has already been demonstrated in the recent series of the study of the Young-type electron interference effect in ionization of H 2 [38, 39] in heavy-ion impact. Nevertheless, the direct electron emission being the fastest mode of the deexcitation of the collective state GDPR [16] makes this study even more interesting. Furthermore, a direct observation of such GDPR electron peak in the double-differential cross-section (DDCS) spectrum will provide a more stringent test of the plasmon excitation models than the single-differential or the total cross sections. Projectile ions with high charge state and high velocity (v p 10 a.u.) are suitable choices for this investigation since the cross section of the GDPR excitation has been predicted [26] to be almost independent of projectile energy in the present velocity range, but increases linearly with q [26, 31] . Thus, a fast highly charged projectile ion can efficiently transfer the energy required for the excitation of the plasmon resonance in C 60 at an adiabatic distance (b 0 = γ hv/2πE [26] ) which is outside the C 60 cage radius (r ∼ 5Å) including the electron cloud extension. In the present experiment, this adiabatic distance is ∼ 9Å. It is worth mentioning that the electron transfer probability is much smaller than the ionization probability in this velocity range (v p v e , with v e being the orbital velocity of the outer-shell electrons of a carbon atom which is about 1 a.u.), since the capture cross section varies as v −12 p . In this article, we present the energy ( e ) and angular ( e ) distributions of the DDCS, i.e., d
2 σ/d e d e , in the case of the C 60 target in collisions with the fast (v ∼ 12.7 a.u.) bare F ions. While the DDCS spectrum provides a direct evidence of plasmon excitation in C 60 , the angular distributions of lowenergy electrons provide useful information about the nature of collective oscillation, i.e., whether it is a dipole-or quadrupoletype resonance, and about the alignment of the dipole moment with respect to the beam axis, etc.
II. EXPERIMENTAL DETAILS AND MEASUREMENT
A beam of 76 MeV F 9+ ions was obtained from the tandem Pelletron accelerator at TIFR, Mumbai. The ions were made to collide with the 99% pure C 60 vapor target in a high vacuum scattering chamber. Energy and angular (30 • to 150
• ) distribution spectra of the secondary electrons were studied using an electron spectrometer equipped with an electrostatic hemispherical analyzer [40] . The DDCSs were measured over the energy range of 1 to 300 eV and for the emission angles between 20
• and 150
• . The 99% pure C 60 powder was heated in a metallic oven at approximately 550
• C to obtain an effusive molecular jet target. The fluctuations in the C 60 vapor yield were monitored in real time using a quartz-crystal-based thickness monitor in situ. Similar DDCS spectra were also measured using an atomic target, such as the Ne gas target, in the same experimental run to check the spectrometer performance, particularly in the low-energy part of the spectrum. The Ne target was used under the static gas pressure condition and the absolute cross sections were estimated from the first principle [40] . The SIMION software was used to ensure 100% transmission through the analyzer over the entire electron energy range. The performance of the spectrometer was tested experimentally in order to reproduce the well-known shape of the continuum electron emission spectrum and the binary encounter elastic peak in ion-atom collisions (see Ref. [40] for details). The same spectrometer has been widely used to investigate several features of Coulomb ionization in ion-atom or ion-molecule collisions using He, Ne, H 2 , or other heavier atoms and large biomolecules [1, 38, [40] [41] [42] . However, in order to compare the shape of the two spectra arising from Ne and C 60 , the Ne data was normalized to that for C 60 at a given energy since the gas density, path length, and solid angles were different for the two cases. The angular efficiency of the spectrometer depends on the solid-angle path-length integral, which is known to vary as 1/sinθ [40, 43] in the case of the static gas target. However, for the jet target C 60 , we estimated the solid-angle path-length integral, convoluted with the gas density, using the approach given by Scoles et al. [44] . The size of the target in the interaction zone was estimated using the aspect ratio for the C 60 heater nozzle. The angular correction factor deviated from 1/sinθ dependence at angles other than 90
• . In the present experiment, in order to obtain the absolute DDCS for C 60 , we employed a self-normalization technique in which the area under the KLL-Auger electron peak in the DDCS spectrum for the C 60 target was determined and normalized to the absolute carbon KLL-Auger electron cross section. The absolute KLL-Auger electron cross section for carbon was determined using a methane target, under static gas pressure condition, by integrating the DDCS data over the KLL energy range and over all of the angles. This total cross section of KLL-Auger electron emission for the methane target was then used to normalize the total (integrated) KLL-Auger yield for the C 60 target. We have assumed that the methane and the C 60 targets have the same cross section (per C atom) for the KLL-Auger electron emission process. More details on the normalization procedure are given in our earlier work [1] and also discussed in the Appendix. The overall uncertainty in the absolute cross-section data was estimated to be ∼20-25%, which arises mainly from the target density fluctuations, normalization procedure, peak fitting, and statistics.
III. RESULTS AND DISCUSSIONS

A. Electron energy dependence of DDCS
In Figs. 1(a)-1(d) , we have shown the e − -DDCS (as a function of electron energy d e and solid angle d e ) for the C 60 and the Ne atom measured at angles 30
• , 60
• , 90
• , and 135
• . The peak observed at the energy 230 eV corresponds to the C KLL-Auger electrons, as clearly seen in each plot as well as in the inset of the upper corner in Fig. 1(d) . In the case of the Ne target, a continuum spectrum is observed whose shape is typical of that in an ion-atom collision process. The spectral shape [ Fig. 1(a) ] for C 60 in a high-energy region ( 40 eV) is similar to that for the Ne target, whereas in the low-energy part of the spectrum the shape is remarkably different. It should be mentioned here that the Ne gas target was used at a static pressure and the fullerene was obtained as a vapor target in the form of a jet and hence the path-length solid angle and density will be different for the two cases. Therefore, the absolute data for these two targets cannot be compared. For convenience, we have normalized the Ne data to that for the fullerene at 40 eV in order to compare the shape of the spectrum. One can clearly see a broad hump in the energy range of 1-15 eV, in the spectrum of C 60 , which is due to the deexcitation of the GDPR state. It is to be noted that unlike in the case of the photoabsorption [4, 29] or the electron energy loss spectroscopy (EELS) studies [5, 32] , in the case of ionization through ion impact, the kinetic energy of the electrons will be reduced by an amount equal to the ionization potential of C 60 . The first ionization potential of the C 60 is 7.6 eV (in the vapor phase) [45] . However, there are several states below the highest occupied molecular orbital (HOMO, h u ) up to an energy of ∼12 eV and beyond, in the valence shell [46] . Hence, the GDPR peak is shifted towards the lower-energy side compared to the expected energy of (∼20−7.6) ∼ 12.4 eV obtained by considering only the first ionization potential. The peak position and width of the plasmon resonance will also depend on the shape and angular distribution of the Coulomb-ionization continuum background, which is substantial in this energy range. Therefore, we observe the peak position around 6-9 eV and typical width around 10-12 eV, at different angles, in agreement with an earlier study [4] . For the C 60 molecule, which is a multiatomic multielectronic system, accurate quantum theoretical treatments are rather difficult. Although excellent theoretical advances have been made in the field of photon and electron collisions with C 60 [9, 32, 33, [47] [48] [49] , the theoretical treatment of heavy-ion C 60 collisions has remained a challenge. Due to this limitation, we have compared the DDCS data with the predictions of an ion-atom collision model, namely, the continuum-distortedwave eikonal-initial-state (CDW-EIS) model [50] [51] [52] , for the atomic carbon target. As shown in Figs. 1(a)-1(d) , the model prediction (normalized to data in each panel) fails to match the measured spectrum. This is expected since the model does not include many-body effects, the electron correlations, and the collective behavior, which play prominent roles in collisions with the C 60 molecules.
B. Single-differential distribution
Furthermore, single-differential cross sections (SDCSs) in energy are shown in Fig. 2 along with the CDW-EIS calculations. The GDPR peak is also clearly visible in the energy SDCS spectrum plotted. The agreement with the CDW-EIS model improves slightly in the high-energy region. In fact, upon careful inspection of the SDCS spectrum, one can also see a slight slope change near 30 eV electron energy. This is remarkably close to the expected energy range for second plasmon excitation [29] . Furthermore, a better agreement between experiment and the CDW-EIS model (in the high-energy region) for SDCS as compared to DDCS reaffirms the need for an ab initio model to describe the dynamics of a heavy-ion C 60 collision at the DDCS level. From the SDCS spectrum, we have also estimated the fractional contribution of GDPR electrons to the total cross section to be nearly 50%, which is in close agreement with that estimated earlier [26, 28] for different projectiles.
C. Angular distributions
The angular distribution of the plasmon electrons gives information regarding the nature of collective oscillation, i.e., whether it is dipole-or quadrupole-type resonance. In Figs. 3(a)-3(d) , we present the angular distribution of the electron-DDCS for the C 60 target for four different emission energies, i.e., 9, 40, 120, and 160 eV, in the angular range of 30
• to 150
• . For electrons at the GDPR peak [i.e., ∼9 eV: "plasmon electrons" in Fig. 3(a) ], the angular distribution shows a dip at 90
• and the electron emission is predominantly in the forward and backward direction with respect to the projectile beam momentum vector. This is in sharp contrast to the distribution observed in usual ion-atom collision experiments as also evident from the Ne data and the CDW-EIS calculation for the C atom plotted in the same graph. Such distribution can be explained in terms of a soft collision, two-center effect, or a binary collision mechanism, which are included in the CDW-EIS model for direct ionization of an electron by the fast ions. In the case of the fullerene, the electron emission at the plasmon peak, i.e., around 9 eV, is dominated by the decay of plasmon which is excited by the swift ions. The long-range Coulomb interaction of the projectile ions at a large distance and the restoring force of the positive core drives the oscillation. A primarily forward-backward emission of electrons, in our case, suggests a preferential excitation of the plasmon oscillations along the projectile beam direction. In the present collision system, the projectile dwell time (just to cross the molecular electron cloud) is 1.6 a.u. (∼3.5 × 10 −17 sec (v p ∼ 13 a.u.), which is about five times faster than the period of plasmon oscillation (i.e., ∼8 a.u., ∼1.8 × 10 −16 sec) in C 60 . Due to the long-range Coulomb interaction, the electron cloud feels a sudden impulse before the projectile actually crosses the molecule, causing a displacement of the electron cloud which gives rise to an induced dipole moment of the collective state along the projectile beam direction. This combined with the restoring force due to the positive-ion core causes an oscillation Fig. 2(a) , along with the calculated distributions: W pe (dash-dotted line), W P CI (dotted line: scale on right axis), and total distribution W tot (thick solid line).
of the cloud along the ion-beam axis and prevails even after the collision. Therefore, the angular distribution of the electron emission will correspond to that due to an oscillating dipole aligned approximately along the ion-beam axis.
The observed angular distribution data is well reproduced (dash-dotted line in Fig. 4) for most of the forward angles by the photoelectron angular distribution for linearly polarized light which is given by [36, 53] 
with θ being the angle of electron emission with respect to the polarization axis and θ 0 being the angle of polarization measured relative to the ion-beam axis. Based on the above discussion, we may choose θ 0 ∼ 0. The model predicts a nearly symmetric distribution around 90
• , whereas the data show an asymmetric distribution. The forward-backward asymmetry is caused due to the postcollisional interaction (PCI) [54] of the emitted electron with the projectile ions. In PCI, the distortion of the electron wave function in the final state due to the influence of the two moving Coulomb centers (target ion and projectile ion) is considered. This gives rise to a forward focusing of electrons and a backward depletion [55] [56] [57] [58] . Such a PCI is well described by the CDW-EIS model [51] (and references therein). The contribution due to the PCI is expected to be substantial since the Coulomb perturbation strength q/v p ∼ 0.7 is reasonably strong. To estimate the amount of asymmetry caused due to the PCI, we get help from the B1 (first Born) approximation. The B1, which is a single-center (target center in this case) model, does not include any PCI and hence predicts an almost symmetric angular distribution [see dash-dotted line in Fig. 2(a) ]. The ratio of the CDW-EIS prediction to that of the B1 calculation, i.e., DDCS(CDW-EIS)/DDCS(B1), then gives a reasonable estimate of the correction factor W P CI (θ ) due to the PCI (dotted line in Fig. 4) . The total distribution is therefore given by W tot = N [1 + βP 2 (cosθ )]W P CI (solid line in Fig. 4) , which is in excellent agreement with the observed angular distribution of the electron DDCS at the plasmon peak. The final distribution W tot was obtained using the anisotropy parameter β = 1.4 and a normalization constant (N), in order to match the distribution with the experimental DDCS at a given forward angle. However, a slightly different choice for the values of β and θ 0 cannot be ruled out.
Further, at higher electron energies [Figs. 3(b)-3(d)], the angular distribution for C 60 gradually shows similar behavior as that for the Ne target with the DDCS peaking close to 90
• . The qualitative agreement between the CDW-EIS (for C atom) and the data for C 60 also improves. This signifies the dominance of the low-impact parameter binary collisions of ions with individual C atoms in the molecule, whereas, as shown above, the low-energy electrons carry the signature of the molecular nature of the target and hence of the plasmon excitation. The GDPR peak retains its signature in the SDCS (single-differential cross sections, dσ/d e ) spectrum, derived after integration of the DDCS over θ .
As shown above, the collective excitation peak corresponds to almost 50% of the total ionization process; this may also imply that the collective excitation and similar many-body effects which are responsible for a large amount of electron emission at low energy must be considered for modeling any practical application, such as heavy-ion-induced radiation damage of the biological cells or DNA bases, or nanoparticles [39] . The decay of collective plasmon excitations in fullerene thus provides a mechanism to enhance the low-energy electrons which is consistent with that predicted, very recently, in other carbon-based nanosystems [39] .
IV. CONCLUSIONS
We have presented a detailed measurement of the energy and angular distribution of the DDCS of low-energy electrons emitted from a C 60 fullerene molecule in collisions with fast bare F ions of energy 4 MeV/u. The normalization procedure employs a different technique which uses the absolute cross section of carbon KLL-Auger electron emission measured in situ using a CH 4 target. The dominant role of the GDPR on the electron-DDCS spectrum from a free C 60 molecule has been explored in which a fast heavy ion has been used as a probe. A clear manifestation of the characteristic "plasmon-electron" peak has been emphasized. It is estimated that the plasmon excitation mechanism alone contributes a large fraction, i.e., about 50%, of the total electron emission in such collisions. The angular distribution of the plasmon electrons shows a dip in the transverse direction which is dramatically different from the observed behavior for an atomic target, measured in situ, as well as the predictions of quantum mechanical models for ion-atom collisions. A simple model, based on the concept of photoelectron distribution applied to a linearly polarized dipole oscillating along the ion-beam axis, combined with the postcollisional interaction, is shown to reproduce the plasmon-electron angular distribution in an excellent manner. However, for the higher-energy electron emission, the angular distribution shows a peak which is similar to that observed in ion-atom collisions. The derived single-differential spectrum also reveals the broad plasmon-electron peak.
In the case of a collision with an effusive jet, it is difficult to estimate absolute DDCS based on the first principle since the jet geometry, the degree of overlap with the ion beams, and the solid-angle path-length integral are not known exactly. The absolute normalization of the electron DDCS data was thus done with the help of the carbon KLL-Auger intensity. In the first step, the experiment was carried out with a methane gas under static pressure condition, using the same scattering chamber and same spectrometer. The absolute values for DDCSs for a CH 4 gas target were obtained from the first principle [40] , i.e., by knowing the quantities such as the beam intensity, target thickness, solid-angle path-length integral, dimensions of the apertures, and resolution of the spectrometer. The target thickness was deduced from the pressure determined by a well-calibrated MKS Baratron pressure gauge. The front of the channel electron multiplier (CEM) was raised to a voltage of 100 volts. Therefore, effectively all of the low-energy electrons up to 500 eV were detected with same efficiency since the efficiency of the CEM in this energy range, i.e., 100-500 eV, is constant, which is about 0.83 as obtained from the manual of the CEM. The background spectrum was collected with no gas in the chamber. The absolute DDCS spectrum for the CH 4 target was then deduced after background subtraction. The integration of this spectrum over the carbon KLL-Auger peak region for each angle provides the single-differential cross section (SDCS = dσ d ) for the KLL-Auger process. After integrating the SDCS (KLL) over all measured angles, the absolute total carbon KLL-Auger emission cross section (σ KLL ) was then obtained.
In the second step, the experiment was conducted with the effusive jet target of fullerene. The relative DDCS were measured for different angles and then the relative SDCS was derived. The relative SDCS ( dσ dE ) spectrum for the ionization of fullerene was plotted (Fig. 2) . This spectrum which was obtained from the jet target has two parts: (1) the low-energy continuum part and (2) the carbon KLL-Auger peak at around 230 eV. Both parts of the spectrum are thus produced from the same target thickness, jet profile, beam overlap with jet, and are associated with the same solid angle. Then by integrating the SDCS ( dσ dE ) spectrum over the electron energy across the C KLL-Auger line, the yield (Y KLL ) of the KLL-Auger process was then obtained. The yield is given by Y KLL = σ KLL S (E)N p , where S represents the target thickness convoluted with the jet profile and path-length integral. The number of projectile ions is denoted by N p . Here we have assumed that the carbon KLL-Auger emission cross section (σ KLL ) is the same as in the case of fullerene and the CH 4 molecule, since it arises from a vacancy created in the inner shell, i.e., strongly bound K shell here. However, this assumption also introduces an error. In this way, the unknown quantity S was determined which was then used to normalize the entire electron DDCS spectrum (i.e., 1 and 2) obtained for the C 60 target. The error estimated in the normalization procedure is ∼20-25%.
